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from  an  insignificant  level  to  a thirtyfold  increase.  Compar- 
isons of  various  results  for  joints  between  glass  and  a polybuta- 
diene over layer,  summarized  in  this  report,  suggest  that  a 
transition  layer  such  as  a polysiloxane  layer  must  be  introduced 
before  positive  effects  of  chemical  bonding  are  obtained.  When 
this  transition  layer  is  present,  the  measured  strength  of  the 
joint  is  found  to  increase  as  the  number  of  chemical  bonds  in- 
creases. In  experiments  involving  the  bonding  together  of  two 
identical  polybutadiene  layers,  the  joint  strength  was  found  to 
increase  in  direct  proportion  to  the  number  of  assumed  inter- 
facial chemical  bonds. 
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Summary 


Studies  of  the  effect  of  cherricai  bonding  or.  the  measured  joint 
strength  of  bonds  formed  between  polymers  and  rigid  substrates  have 
been  carried  out.  Various  treatments  have  been  applied  to  glass 
surfaces  before  bonding  to  polymeric  over layers . These  treatments 
have  included  reaction  of  glass  with  mono-  and  trialkoxysilanes , 
urethanes,  silanated  polybutadienes,  and  polysiloxane  layers.  Effects 
on  the  resulting  joint  strength  varied  from  an  insignificant  level  to 
a thirtyfold  increase.  Comparisons  of  various  results  for  joints 
between  glass  and  a polybutadiene  overlayer,  summarized  in  this 
report,  suggest  that  a transition  layer  such  as  a polysiloxane  layer 
must  be  introduced  before  positive  effects  of  chemical  bonding  are 
obtained.  When  this  transition  layer  is  present,  the  measured 
strength  of  the  joint  is  found  to  increase  as  the  number  of  chemical 
bonds  increases.  In  experiments  involving  the  bonding  together  of 
two  identical  polybutadiene  layers,  the  joint  strength  was  found 
to  increase  in  direct  proportion  to  the  number  of  assumed  inter- 
facial chemical  bonds. 
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Introduction 

The  objectives  of  this  study  have  been  first  to  obtain  direct 
evidence  for  chemical  bonding  at  the  interface  between  similar 
and  dissimilar  materials  and  second  to  learn  how  the  density  of 
chemical  bonds  affects  the  work  of  detachment  of  the  materials 
joined  together.  For  this  purpose  we  have  sought  to  prepare  well 
defined  and  well  characterized  joints  with  a controlled  and  known 
number  of  chemical  bonds  at  the  interface.  The  studies  summarized 
in  this  report  have  led  to  the  development  of  several  model  systems 
for  obtaining  the  desired  data.  Unexpected,  and  sometimes  anom- 
alous, results  obtained  along  the  way  have  shed  some  light  on 
why  there  has  been  a continuing  controversy  about  the  importance 
of  chemical  bonds  in  adhesion. 

This  report  gives  an  overview  of  results  obtained  during  the 
past  year  and  attempts  tc  correlate  them  with  previous  results. 
Details  of  the  studies  either  have  been  or  will  be  presented  in 
Technical  Reports  and  publications. 

Results  and  Discussion 

A diagram  of  a typical  test  specimen  used  in  our  studies  is 
shown  in  Figjre  1.  It  consists  of  a substrate  which  has  been 
exposed  to  a carefully  controlled  surface  treatment  and  then 
pressed  into  contact  with  an  overlayer  of  a cloth-backed  elastomer. 
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Typically,  the  elastomer  layer  has  been  based  on  polybutadiene. 
Firestone's  Diene  NFA,  because  this  material  is  relatively  pure 
chemically  and  rheol ogica lly  simple.  The  work  of  adhesion,  W, 
is  measured  from  180°  peeling  experiments;  W - IP/w,  where  P is 
the  observed  peeling  force  and  w is  the  width  of  the  specimen. 

In  searching  for  a suitable  model  system  we  have  used  substrates 
of  glass,  various  plastics,  inorganic  crystals,  and  crosslmked 
polybutadiene.  Surface  treatments  have  included  silane  coupling 
agents  (1) , carboxyterminated  polybutadiene  (CTB) , amine terminated 
polybutadiene  ( ATB) , and  specially  synthesized  polybutadienes 
containing  one  or  two  -S l ( CH5 ) l OCH.  endgrcups  and  sometimes 
-£i(OCH3)j  groups  along  the  backbone  in  addition.  Only  work 
related  to  glass  substrates  is  included  in  this  report  because 
they  have  proved  to  be  more  convenient  for  the  initial  studies. 

Glass  substrates  are  comparatively  inert  and  maintain  their  shape 
ar.d  strength  up  to  very  high  temperatures.  This  allows  maximum 
flexibility  in  choosing  solvents,  reactants,  and  temperatures 
for  surface  modi ficat ions . 

Previously,  it  was  assumed  that  we  could  vary  the  adhesive 
strength  of  elastomers  to  glass  by  varying  the  density  of  chemical 
bonds  between  the  -S iOH ' s in  the  glass  and  the  polybutadiene 
overlayer.  This  assumption  does  not  seem  to  be  correct.  Apparently 
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a transition  layer  between  the  glass  adherend  and  the  poiybutadiene 
adhesive  is  necessary  to  insure  good  wetting  of  the  surface.  This 
transition  layer  is  preferably  bonded  as  strongly  as  possible  to 
the  glass  and  of  such  a nature  that  it  completely  covers  the  glass. 

The  layer  has  the  added  advantage  of  preventing  direct  contact 
between  the  adhesive  and  impurities  or  foreign  materials  in  the 
glass.  For  our  purposes  the  transition  layer  should  be  susceptible 
to  chemical  codification  so  that  a known  number  of  functional  groups 
of  a predetermined  nature  can  be  introduced.  Under  these  conditions 
it  can  be  shown  that  chemical  has  a positive  effect  on  the 

strength  of  adhesive  bonds.  Many  ir  earlier  results  and  those 

of  other  workers,  which  have  hitherto  seemed  irreconcilable  with 
a simple  general  relationship  of  this  kind,  tend  to  form  a consistent 
pattern  once  the  concept  of  a transition  layer  is  introduced.  With 
this  in  mind,  some  of  the  previous  data  is  reviewed  and  some  new 
data  acquired  to  test  this  hypothesis  is  presented. 

Coupling  agents.  Ahagon  and  Gent  (1)  treated  pyrex  glass  bars 
with  solutions  containing  catalyst  and  varying  proportions  of  me thy 1- 
triethoxysilane , Me-Si-fOC^ ) } , and  vinyitr iethoxysilane , CH, -CH- 
Si-fOC^HjJj  . The  work  of  detachment  that  they  observed  for  bonds 
between  surfaces  treated  in  this  way  and  then  bonded  to  a poly- 
butadiene  overlayer  by  curing  at  elevated  temperature  was  proportional 

( 
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to  the  amount  of  vinyl  silane  in  the  treating  mixture.  They 
inferred  that  chemical  bonding  occurred  by  reaction  of  the  vinyl 
groups  on  the  surface  of  the  treated  glass  and  the  unsaturation 
in  the  polybutadiene: 


Now,  the  treated  and  washed  slides  were  heated  at  llO^c  for  30  min. 
Under  these  conditions  it  is  probable  (2,3)  that  a polys  ilcxar.e 
layer  formed  and  that  Ahagon  and  Gent  actually  had  a glass  surface 
coated  with  a polysiloxane  containing  varying  numbers  of  vinyl 


groups.  The  sequence  of  reactions  vsould  be: 
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In  contrast  when  Wong  (4)  carried  out  similar  experiments 
in  the  vapor  phase  without  catalyst,  using  monof unctional  silanes: 
vinyl  dime  thylethcxysi  lane  , CH;  -CH>(CH3  ) i -Si-OC^  H5  , and  trimethyl- 
methoxys ilane , ( CH3 ) 3 -Si-OCHj  , he  obtained  relatively  little 
enhancement  of  bond  strength.  Vapor  phase  treatment  with  allyl 
isocyanate,  CH,.  - CHCH, -NCO,  which  like  the  vinyl  dimethylethoxysilane 
has  only  one  group  capable  of  reacting  with  a silanol,  also  had 
almost  no  effect  on  the  bond  strength  of  polybutadiene  to  glass 
surfaces.  Neither  the  silanes  nor  the  allyl isocyanate  that  Wong 
used  is  capable  of  forming  a polysiloxane  transition  layer.  Once 
the  ethoxy,  methoxy,  or  isocyanate  groups  have  reacted  with  the 
silanol  groups  in  the  glass  surface  a reaction  analogous  to  equation 
2 is  not  possible. 

Silanated  polybutadiene.  Two  anionic  polybutadienes  with 
silane  endgroups  were  synthesized  for  this  study.  As  shown  in 
Table  I these  polybutadienes  were  similar  in  microstructure  to 
Firestone's  Diene  35NFA.  The  polymer  designated  a-PB  had  a single 
dime thylmethoxys ilyl  endgroup  and  was  similar  in  molecular  weight 
to  Diene  35.  The  other  polymer  designated  a.i-PB  had  two  dimethyl  - 
methoxysilyl  endgroups,  a lower  molecular  weight,  and  a somewhat 
higher  vinyl  content.  The  properties  of  CTB,  which  was  used  in 
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Table  I 

Prope  rt les  of  Pol yfcut a dienes 

c 

Microstructure 

Structure3  Symbol  ~Mnb  cis ^ trans 

D^ene  3?  NFA  PB  150,000  3 6 54 

Me 

• d 

MeO-S l-PB-Bu  t-PB  IfeO.OOO  36  54 

I 

Me 


Me  Me 

i I 

MeO-S i-PB-Si-OMe  a,i-PB  35,000  31  49 

I I 

Me  Me 


Me  Me 

l I 


e 


MeO-S l-rB-S i-OMe 

1 I 1 

Me  I Me 

[Slcl3  ]n 


Cl-PE 


>35 , 000 


31 


49 


vir.yl 


10 

10 


1 0 


f 


Me  Me 
I I e 

MeO-Si-PB-Si-OMe  M-PB  >35,000  31  49 

1 I ' 

Me  I Me 

[Si(OMe)  . Jn 


HOGC-PB-COOH  CTB  4130  10.5  54. Q 14.6 
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Footnotes  to  Table  I 

a 

PE  polybutadiene 

Determined  by  GPC  except  for  CTE  which  was  determined  by 
endgroup  analysis 

q 

Determ, ined  by  ir  or  3 00  MHz  !H  nmr  spectroscopy 
^Bu  - sec-butyl 

Prepared  from  a,x-?B  by  a procedure  adapted  from,  Miron,  Bhatt, 
and  Skeist  (6)  and  Saarr,  and  Speier  (5)  . 

^All  pendant  vinyl  groups  were  converted  to  either  -SiCl.  or 
-£ l ( GMe) j groups.  The  concentration  of  the  silyl  groups  was 
about  one  for  every  five  butadiene  units 
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subsequent  exper imants , are  included  in  Table  i for  comparison. 

Two  additional  polybutadienes  were  prepared  from  Cl,a-PB.  The 

sample  with  pendant  trichlorosilyl  groups,  Cl-PB,  was  prepared 

by  the  catalyzed  addition  of  tr ichloros ilane  to  the  double  bond 

of  the  pendant  vinyl  groups  (5,6)  : 

-tCH,  CH-5-  - m HSiCl,  > — rCH.  CH-i-  (3) 

I n " I 

CH-CH:  CHvCH:  SiCl, 

The  sample  with  tnmethoxysi lyl  groups.  M-PB,  was  prepared  by 
reacting  Cl-PB  with  methyl  orthoformate: 

O 

II 

-CH;  CH,.  -SiCl3  -i-  3HC(  OCH3  ) 3 > -CH:  CH.  -S  1 ( GCH,  ) 3 -r  3CH-OCHj - 3CH,  Cl 

(4) 

Glass  slides  were  treated  with  each  of  these  polybutadienes 
as  described  in  Technical  Report  No.  4,  July  197fc.  in  that  report 
evidence  was  presented  that  the  silanated  polybutadiene  was  chem- 
ically bonded  to  the  glass  slide  and  could  not  be  washed  off.  How- 
ever, SEM  studies  gave  no  evidence  of  adhering  polymer  on  slides 
pretreated  with  PB.  Slides  treated  with  2-PB  were  found  to  have 
only  widely-separated  particles,  about  300  nm  ir.  diameter,  adhering 
to  them  as  shown  in  Figure  Z . 
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Adhesion  test  specimens  were  prepared  and  tested  as  previously 
described  (7,8)  . (See  also  Technical  Report  No.  2,  September,  1977)  . 
The  results,  summarized  in  Table  II,  show  that  compared  to  control 
samples  where  the  glass  slides  were  either  untreated  or  treated  with 
normal  PB.  samples  treated  with  a-PB  and  a,x-PB.  showed  no  change  in 
the  work  of  adhesion.  This  lack  of  effect  does  not  seem  to  be  due 
to  an  inherently  slow  reaction  of  the  silane  endgroups  with  glass. 
Studies  with  model  compounds  as  described  in  Technical  Report  3, 

July,  1978  indicated  that  2 hrs . should  be  sufficient  for  complete 
reaction  between  a silanol  and  a silane.  The  present  reactions 
were  carried  out  for  2 hrs.  and  for  48  hrs.  with  the  same  results; 
namely,  no  improvement  in  the  strength  of  the  bond  after  treatment 
of  the  glass  with  a-PB  or  a,x-PB.  Note  that  two  er.dgroups  and  a lower 
molecular  weight  as  in  a,  jl-PB  give  the  same  result  as  a-PB.  It  seems 
that  polybutadiene  is  incompatible  with  glass  and  does  not  spread  over 
the  surface,  so  that  chemical  bonding  by  end  linking  is  relatively 
infrequent.  As  a result,  no  improvement  in  the  work  of  adhesion  is 
obtained,  even  after  long  reaction  times. 

Polybutadiene  substrates.  It  can  be  argued  that  the  lack  of 
improvement  in  the  strength  of  adhesion  to  glass  after  pretreatment 
with  reactive  polybutadienes  is  a result  of  inadequate  crosslinking 
between  the  two  polybutadiene  layers,  especially  if  only  one  of  them, 


the  overlayer,  contains  the  peroxide  crosslinking  agent,  as  in  our 
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case.  Studies  of  the  work  of  detachment  of  specimens  with  poly- 
butadiene as  both  the  overlayer  and  the  substrate  suggest  that 
bonding  between  them  is  a facile  reaction.  Model  specimens,  con- 
sisting of  two  identical  polybutadiene  layers  have  been  crosslinked 
together.  If  the  degree  of  crosslinking  in  the  layers  before  they 
are  brought  together  is  varied  and  then  the  crosslinking  process  is 
completed,  the  strength  of  interfacial  bonding  is  found  to  vary 
over  the  entire  range  from  zero  to  a level  characteristic  of  the 
bulk  material;  i.e.  from  purely  dispersion  force  adhesion  to  the 
cohesive  strength  of  the  fully-crossl inked  elastomer,  see  Figure  3. 

Moreover,  because  the  adhering  layers  are  always  identical  and  the 
joint  symmetrical,  no  thermal  or  shrinkage  stresses  affect  the 
measurements.  Further  details  of  these  studies  will  be  the  subject 
of  a future  technical  report. 

In  situ  formation  of  polysiloxane  layer.  improvements  in  the 
strength  of  bonds  formed  after  treating  glass  with  functionalized 
polybutadienes  were  first  observed  when  samples  capable  of  forming 
an  intermediate  polysiloxane  layer  were  used.  For  example,  when 
glass  si  ides  were  treated  with  Cl-PB  and  then  the  Cl-PB  was  hydro- 
lyzed and  heated  at  110°  for  24  hrs.  a fourfold  enhancement  of  the 
work  of  adhesion  was  observed.  Formation  of  a polysiloxane  layer  is 
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possible  under  these  conditions.  An  even  greater  increase  was 
observed  when  M-PB  was  used,  and  again  formation  of  a polysiloxane 
layer  is  possible  on  heating.  The  results  of  these  experiments 
are  given  in  Table  II. 

Preformed  polysiloxane  layer.  Formation  of  a polysiloxane 
layer  on  a glass  surface  from  a silanated  polybutadiene  as  described 
above,  if  it  occurs,  would  be  expected  to  be  rather  inefficient. 
Moreover,  the  number  of  chemical  bonds  at  the  interface  cannot 
be  systematically  varied  even  if  it  is  assumed  that  the  siloxane 
bond  through  the  silanol  in  the  glass  surface  is  stable.  in  fact, 
this  assumption  is  probably  not  true.  Studies  with  model  compounds 
summarized  in  Technical  Report  3 indicate  that  a dynamic  equilibrium 
exists . 

An  alternative  procedure  is  to  form  the  polysiloxane  layer 
first,  with  multiple  attachments  to  the  glass  surface  and  to  vary 
the  number  of  functional  groups  in  the  polysiloxane  layer.  This  is 
effectively  what  Ahagon  and  Gent  did,  if  the  present  interpretation 
is  correct.  It  can  also  be  achieved  by  using  a preformed  polysiloxane 
layer  containing  reactive  p-bromomethylphenyl  groups  on  the  glass 
surface.  When  these  groups  were  reacted  with  CTB,  a continuous 
layer  of  rubber  as  shown  in  Figure  4 could  be  observed  by  SEM. 
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Table  II 

Effect  of  Functionalized  Polybutadiene  Treatment  of  Glass  on 
Work  of  Detachment  (W)  of  Polybutadiene  Overlayer8 


W 

Rubber  Time  of  Reaction  (hrs)  ( !.' 'm) 

2 5 

PB  Z 5 

0.-PB  2 5 

•4  8 11 

a-PB  46  13 

a,i-PB  12 

96  7 

Cl-PBb  96  24 

M-PBC  96  3 2 

aThe  polybutadiene  was  cured  using  0.15fc  dicumyl  peroxide.  W 


was  calculated  from  peeling  measurements  at  a crosshead  speed 
of  0.5  cm.  per  min.  Failure,  as  judged  by  eye,  was  interfacial 
in  all  cases. 

^The  -SiCl3  groups  were  hydrolyzed  to  -SiOH  groups  and  then  slides 
were  heated  at  110nc  for  24  hrs.  to  form  a polysiloxane  layer. 

CThe  treated  slides  were  heated  at  110°c  for  24  hrs.  to  form  a 
polysiloxane  layer. 
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Furthermore  as  shown  in  Table  III  a remarkable  increase  in  the 
work  of  adhesion  of  typical  test  specimens  occurred.  Details  of 
these  studies  were  given  in  Technical  Report  <2,  September,  1977. 

Recently  14 C labelled  glycine  has  been  incorporated  into  the 
chemical  bond  between  (p.m-Chloromethylphenyl)  ethyl  groups  in  the 
polysilcxane  surface  and  the  CTB  by  the  sequence  of  reactions 
shown  in  Scheme  I,  steps  A to  F . We  have  worked  out  conditions 
such  that  each  step  proceeds  nearly  quantitatively.  Details  of 
the  work  will  be  the  subject  of  a future  technical  report.  By 
using  mixtures  of  1-tri chlorosilyl-2- ( p , m-Chloromethylphenyl)  ethane 
and  c-phenethyltr ichlorosilane  and  varying  the  percentage  of  each 
in  the  mixtures  used  to  treat  glass  slides,  the  number  of  chloro- 
methyl  groups  and  hence  the  nunber  of  possible  chemical  bonds 
between  the  polysiloxane  coated  glass  surface  and  the  polybutadiene 
overlayer  was  varied.  As  shown  in  the  data  presented  in  Figure  5 
for  samples  prepared  from  mixtures  with  0 to  60^.  of  the  chloro- 
methylphenyl  compound,  a direct  correlation  was  obtained  between 
the  percent  of  the  chloromethylphenyl  compound  and  the  contact 
i angle  observed  after  step  C,  the  radioactivity  observed  after  step 

D and  the  work  of  detachment,  W.  Thus,  when  a polysiloxane  layer 
is  present  there  seems  to  be  a direct  correlation  between  the  number 
I of  interfacial  chemical  bonds  and  the  strength  of  adhesion  to  a 


‘ 
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Table  III 


Effect  of  Pre  f o rrned  ?o  lysiloxane  Layer  on  Work  of  Detachment  ' W i 

b 


Bonding 


W ( K /mJ 


34 


Type  of  Failure 
I 


CH. 


10 


/ 

\ 


CTB 


4 50 


3Cured  using  0.1°^  dicumyl  peroxide  at  l^O^C  for  1 hr.  Tested  using 
a crosshead  speed  of  0.5  cm  per  min 

^1  = interfacial.  C - cohesive 
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Footnote  to  Scheme  I 

ain  step  A the  glass  surface  was  treated  with  5T&  benzene  solutions 
containing  varying  proportions  of  1- tr ichl oros ilyl-2 - (p ,m-chloromethyl- 
phenyl)  ethane  and  S-phenethyltr ichl oros ilane , X - Cl  and  H.  respec- 
tively. (The  relative  rates  of  reaction  of  the  two  trichlorosilanes 
were  assumed  to  be  about  the  same  and  so  the  number  of  -CH.  Cl  groups 
attached  to  the  surface  should  be  proportional  to  the  concentration 
of  the  l-trichlorosilyl-2-( p ,m-chloromethylphenyl)  ethane.  The  data 
given  below  indicates  that  this  is  a reasonable  assumption) . In  step 
B the  remaining  chlorines  attached  to  the  silicon  were  hydrolyzed  and 
the  glass  slides  were  heated  at  110°  c in  vacuum,  to  form  the  polysiloxane 
layer.  Through  step  B the  groups  with  X = Cl  and  x H will  behave 
the  same.  From  step  C onward,  only  the  groups  with  X - Cl  will  react 
and  only  those  are  used  to  illustrate  the  rest  of  the  scheme.  The 
number  of  -CH;  Cl  groups  thus  determines  the  maximum,  number  of  chemical 

bonds  that  form.  In  step  C partially  protected  glycine  ( t-Bu-O-^-C-XH- 

* 

1 4 CH^  -COGH , denoted  t-BocGly)  was  bonded  to  the  polysiloxane  coating 
by  reaction  of  the  cesium  ( 9 ) salt  of  the  partially  protected  glycine 
with  the  chloromethyl  group  of  the  polysiloxane  to  form  an  ester 
linkage.  In  step  D the  t_-Boc  group  was  removed  with  tnfluoroacetic 
acid  (CFjCOOH)  and  in  step  E the  free  amine  was  coupled  to  the  dicarboxy- 
terminated  liquid  pclybutadiene  via  its  p-nitrophenylester  forming  an 
amide  bond  (10)  . Finally,  in  step  F the  polybutadiene  overlayer  con- 
taining dicumyl  peroxide  was  pressed  against  the  treated  slides  and 
cured  at  150°C  to  complete  formation  of  covalent  bonds  from  the 
glass  surface  to  the  polybutadiene  adhesive. 


* 

: 
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polybutadiene  overlayer.  However,  in  the  absence  of  the  poly- 
siloxane  intermediary  layer,  formation  of  chemical  bonds  to  glass 
appears  to  be  much  more  difficult,  possibly  because  of  severe 
incompatibility  of  diene  elastomers  and  glass  surfaces. 

The  radioactivity  of  the  glass  slides  was  measured  after 
step  E and  once  again  after  the  peeling  experiment.  They  are 
compared  in  Figure  6 with  the  radioactivity  measured  after  step  D. 

The  decrease  in  radioactivity  observed  after  step  E would  be  ex- 
pected, since  the  polybutadiene  added  in  step  E would  deflect  some 
of  the  ;-particles  emitted  by  the  ! 4 C of  the  glycine.  The  further 
decrease  after  peeling  can  be  explained  in  either  of  two  ways. 
Fracture  can  occur  in  any  of  the  regions  of  the  joint  arbitrarily 
marked  off  in  Figure  7.  The  radioactive  glycine  in  the  interphase 
can  serve  as  an  indicator  for  locating  the  locus  of  failure.  Since 
the  radioactivity  on  the  glass  slides  decreases,  this  could  be  an 
indication  that  failure  occurred  entirely  in  region  A;  i.e.  failure 
was  100"'  cohesive  in  the  rubber  phase  and  the  added  rubber  led  to 
a decrease  in  the  measured  rate  of  i-particle  emission.  Alternately, 
failure  could  have  occurred  partly  in  regions  B,C  or  D and  partly  in 
region  A.  In  the  latter  case  there  should  also  be  measurable  radio- 


activity in  the  polybutadiene-cloth  overlayer  after  peeling. 


We 
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have  not  detected  such  activity.  However,  in  this  first  series  of 
experiments  the  radioactivity  was  quite  low  and  only  exceeded  the 
background  count  by  a factor  of  two  to  three.  Also  the  technique 
used  for  measuring  activity  on  the  slides  is  not  suitable  for  making 
measur aments  on  the  polybutadiene-cloth  overlayer.  Hence  at  this 
stage  the  radioactive  tracer  technique  looks  very  promising  for 
locating  the  locus  of  failure  but  has  not  yet  given  an  unambiguous 
result.  A new  series  of  slides  at  a much  higher  radioactivity 
level  and  at  higher  -CH> Cl  concentrations  is  being  prepared. 
Conclusions 

In  carefully  designed  systems  all  the  evidence  points  to  a 
direct  improvement  of  the  strength  of  adhesive  bonds  as  the  number 
of  chemical  bonds  at  the  interface  increases.  However,  work  with 
silanated  polybutadiene  shows  that  not  every  system  that  might  be 
presumed  to  form  chemical  bonds  is  able  to  do  so  effectively.  in 
the  case  of  glass  and  polybutadiene  an  intermediate  transition 
layer,  for  example,  a polysiloxane  layer,  that  allows  spreading  of 
the  polybutadiene  seems  to  be  a necessary  prerequisite  for  the 
formation  of  strong  adhesive  joints.  We  have  now  developed  a model 
system  incorporating  a radioactive  material  that,  once  calibrated, 
should  permit  the  number  of  chemical  bonds  in  a joint  to  be  measured 
directly  and  related  to  the  work  necessary  to  fracture  the  joint.  It 


20 


should  also  permit  an  experimental  determination  of  the  location 
of  failure  in  the  joint  on  a molecular  scale. 
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Figure  3:  Work  of  detachment,  W,  at  95 ’C  vs.  peeling  rate, 

R,  for  polybutadiene  layers  with  varying  amounts 
of  interfacial  bonding.  The  polybutadiene  was 
cured  using  0.2%dicumyl  peroxide.  tj/t.  = tine 
of  precuring  separate  layers/time  of  curing  layers 
in  contact.  E.g.,  • polybutadiene  layers  were  pre- 
cured separately  for  60  min  and  then  cured  an 
additional  20  min  after  being  pressed  together. 


% ■ CH2CI  in  Silane  Solution 

Figure  5:  Variation  of  contact  angle,  ©,  after  step  C,  radioactivity 
after  step  D,  D,  and  work  of  adhesion,  W.  after  step  E in 
Scheme  I as  a function  of  % of  l-trichlorosilyl-2-(p,m- 
chloromethylphenyl)  ethane  and  ft  of  :-phenethyltr ichloro- 
silane  in  the  solution  used  to  treat  glass  slides.  W 
was  calculated  from  data  taken  at  a crosshead  speed  of 
0.5  cm/min  on  samples  cured  with  O.lfi  dicumyl  peroxide 
at  150°  for  1 hr. 
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